On an occasion of this sort, it is appropriate to assess the present position and draw attention to some main trends. I am concerned today with molecular vibrations, and therefore primarily with infra-red and Raman sp(~ctra. For physical chemistry, perhaps the most important of the early werk was the determination and assignment of vibration frequencies of small molecules, especially those having some degree of symmetry; and through this to establish the molecular force field and obtain useful bond stretching and bending force constants. There was also the measurement of vibration-rotation bands of small molecules with high resolution, to determine the molecular rotational constants, moments of inertia, centrifugal str~tching constants, and Coriolis coupling coefficients. Later, this was he:ped very much by the use of very sensitive photoconductive cells and other moresensitive detectors to get higher resolving power, and also by the ap plication of isotope effects.
Jn both these directions, progress has been slower, as !arger molecules ha·ve to be studied. The number of molecules for which a complete and un :~.mbiguous frequency assignment is known is still surprisingly small. The difficulties of getting a satisfactory potential energy function are well known. Automatie computors have been very useful for making rapid trial and error cakulations, but there are inherent theoretical ambiguities and difficulties which these instruments alone cannot overcome. The recent marked progress of experimental technique in the far infra-red should provide much mc·re information about low frequency vibrations, torsional and skeletal bending modes.
1v1icrowave spectroscopy has of course given highly accurate structural data, better than that obtainable from vibration-rotation bands, but it is usually bmited to the zeroth vibrational state, and is not always as conclusive as may be supposedl. More recent work on the fine structure of vil::ration-rotation bands is directed to the determina.tion of the Cl. values, which give us the variation of rotational constant B with vibrational state, and through which we may hope to derive the equilibrium values of the rotational constants. Of course, with a larger molecule for which there may be many rx values, this computation is still somewhat uncertain. Vibrationrot:~.tion hands arealso useful in providing the Coriolis factors ~ which may be useful in connexion with the molecular force field.
'Vith much larger molecules, with which chemistry is usually concerned, the main interest has of course been to discover absorption bands which are asSt)Ciatecl with localized vibrations and which can be used in structural work. With ordered solid structures, polymers or crystals, polarized infra-red radiation has been used to help both in the determination of structure and in vibration frequency assignment. It seems unlikely that any more frequency correlation rules will be discovered, although a few regularities have recently been noticed with different stereochemical types. In any case, however, other physical methods are sometimes better than infra-red absorption for structural work with complex organic molecules or natural products2.
With the larger molecules, which as a rule have to be studied in the condensed phases, much recent work has involved the examination of how a particular localized group vibration is affected by different influences, and the results have been used in connexion with a variety ofproblems in physical chemistry. A vibration band has three main properties, namely, position (frequency), intensity, and shape (contour). Factors which determine these properties include mass effects, frequency coupling and Fermi resonance, internal electronic or steric effects, rotational isomerism, as weil as external solvent effects, hydrogen bonding or other intermolecular influences. It has been possible, recently, by use of computors tosortout mass effects in some cases and show that they may affect certain characteristic group frequencies more than had been supposed previously3. This kind ofwork may also provide a new approach to refining our knowledge of intramolecular force fields, as well as to a quicker evaluation of the rather more specialized types of potential energy function.
It seems to methat two ofthe most significant present trends are firstly the correlation ofband intensities with various molecular properties, and secondly the use of the vibrational band characteristics in the general study of intermolecular forces.
For quantitative analysis and the transferability of infra-red data it was of course essential some time ago to establish the experimental conditions which are necessary if peak absorbance values are to be used as a reliable measure of infra-red absorption band intensity. I t was found that the effective spectral slit width of the measuring instrument must be less than about one-fifth of the half band width 4 , which means that for most purposes a resolution of 1 cm-1 must be used. This requirement has had two consequences, first to encourage the production of commercial grating spectrometers giving the required resolutions, and secondly to expedite the study of integrated band areas measured on cruder spectrometers as a satisfactory and more significant measure of the band intensities.
Some of these integrated intensities of infra-red absorption bands, alone or together with band frequency data, can be used empirically for diagnosing particular groups in !arge molecules, and resolving ambiguous cases5. For example, different types of )c=O or N-H group can be characterized, and some cisjtrans isomers can be distinguished through a difference in relative intensity of two particular absorption bands. The infra-red band intensities, are of course, related to the distance derivatives of dipole moment, and estimates of '8tJ./ '8r and tJ. for particular bonds have been determined from measurements on small molecules for which a satisfactory mathematical treatment can be carried out6. It seems to methat progress in this field is bound to be limited by the Iack of a precise knowledge of the potential energy function, and by ambiguities in the mathematical solutions. T:1e usefulness of some of the derived results is, in any case, diminished b(:cause of the non-additivity of bond dipoles and similar difficulties.
Band intensities can be correlated qualitatively with polar properties and w:th the dipole expansion functions. For example, in the series of halofo ~ms 7 , the observed variation of intensity of the C-H stretching vibration can be :.nterpreted through the variation of equilibrium bond lengths in relation to the shape and maximum of the dipole-bond length curve. Some stt·iking variations in relative intensity of the C-H fundamental and first o~ertone vibrations in haloforms and methylene halides can be interpreted in this sort ofway. Some attempts have been made to calculate the shape of the dipole-distance curve from intensity measurements on the fundamental and overtone bands of localized group vibrations in some !arger molecules8. H•)Wever, in view of what is now known about the possible effect of the so-·called inert solvents like carbon tetrachloride on the band intensities, th~se deductions may be open to question.
In !arger molecules, some key groups give rise to absorption bands, the in:ensity (and frequency) of which depend upon substituent groups in the mt)lecule, and in the absence of any better treatment the variations in the band characteristics have been correlated empirically with quantitative, th)ugh empirical, properties of these substituents. Among such properdes th~re is of course the electronegativity, but many results now suggest that more useful correlations can be obtained with the Harnmettor Taft factors for substituent groups. I t may be argued that any such correlations are of only passing significance, but at any rate it is surely useful to correlate sp·~ctral characteristics through some property which can itself be correlated with molecular reactivity. The correlation offrequency shifts of groups such as C=N: C=O, N02, COOH with a*, the inductometric factor ofattached groups has been extensively examined9, and in aromatic series the effect of other substituent groups upon one particular attached vibrating group has be·~n studied 1 0. Here it has been shown that systematic variations of band intensities or frequencies can be related to the Harnmett constants of suhstituents, but the correlation is even more satisfactory if the Taft factors an~ used to split up the electronic effects into their inductive and mesomeric parts. In this connexion it is important that infra-red data should also be correlated with measurements using nuclear magnetic resonance of the screening constants determined from chemical shifts, and similar data. I t seems likdy that this trend of analysis can also be applied to key groups in ali:Jhatic series, and that steric influences may also be disentangled from the oü.er electronic effects. The results suggest that, in any case, these Harnmett and Taft constants which have been determined from a statistical analysis of1·eaction kinetic data may be determined more satisfactorily from infra-red measurem.ents.
The measurement of integrated band areas is tedious, and overlapping of bands sometimes makes it impracticable. I t will be interesting to see to what extent the true extinction coefficients, determined from peak absorbance values using instruments of high resolution, can be correlated similarly with stru.ctural features and the characteristic properties of substituent groups.
Here I must refer to recent work ofthe same sort on the intensities ofsome Raman vibration bandsll. The intrinsic intensity of a key group, relative to a band of carbon tetrachloride as standard, often varies markedly as the attached residue is changed. For example, the C=N group intensity in saturated aliphatic nitriles is 2-3, in conjugated unsaturated aliphatic nitriles about 7, and in aryl nitriles 20-40 units. Such differences between different structural classes can be used to supplement the data on infra-red band intensities for identifying different classes of compound when the frequency values are ambiguous.
Attempts have also been made to correlate the Raman band intensities of groups attached to an aromatic nucleus with the Taft and Harnmett constants of other substituents in the ring. I t is found that the band intensity is at a minimum for zero Harnmett value, and the plot of intensity against <1H gives a V-shaped curve, by contrast with the result for infra-red bands. In the Raman effect, where a change of polarizability within the vibrating group is the significant quantity, it is immaterial whether the effect of the substituent is to increase or decrease the electron density within the absorbing group. If the results are analysed in terms of the inductive and mesomeric factors, it is found that a good regularity exists between the band intensity and the mesomeric factor of the substituent group. However, this is not the whole story, for the substituent affects the position of electronic levels and may thereby alter drastically the part played by the resonance Raman effect. If it is supposed that the effect of the substituent can be split into an inductive effect on the vibrating group, a mesomeric effect affecting the polarizability derivative of this group, and the effect on the location of the electronic level which is primarily connected with the aromatic nucleus and which alters the resonance Raman effect, the results with a nurober of substituents can be fitted to a four-term equation and the relative contributions can be estimated. It is found that the resonance Raman effect is by far the most important factor, as also emphasized by many results of Shorygin 12 • Before leaving this subject of band intensities I should like to draw attention to the importance, in my view, of studying infra-red band shapes which have hitherto received little attention. They are of course affected by instrumental conditions, but the limiting " true " band shapes depend upon a number offactors, and it seems that very few bands have a simple contour. There is now plenty of evidence to show that in general the contour follows neither a Lorentz nor Gauss function, and the shapes and half-widths are affected, for example, by the type of vibration, by internal electronic and structural features, steric effects, state of aggregation and solvent, molecular rotation or internal rotation, and temperature. For instance, the half-width ofthe vibrational absorptionband ofa group Gin a molecule X-C6H4-G sometimes depends strongly on the position and nature of the substituent X, but sometimes not at all. More important perhaps is the occurrence of shoulders or satellite bands which cannot be attributed convincingly to "hot" bands, combinations or Fermi resonance and may be associated with loose intermolecular complexes. There is a need to re-measure a large number of bands using high resolution.
This brings me to the subject of intermolecular forces, which can be MOLECULAR VIBRATIONS AND PHYSICO-CHEMICAL PROBLEMS studied through infra-red and Raman bands in a number of ways, which de)end upon the variation offrequency, intensity and band shape in different circumstances. Changes of frequency have long been used to detect the hydrogen bond, whatever that may mean. The intensity is a more sensitive property, not only when selection rules are being violated, but also for de1:ecting weak molecular complexes. The general problern is to detect such cmnplexes and disentangle the types of force which give rise to them. :l<'irst, there are the recent measurements on gas films adsorbed on solids13. Ph ysical adsorption can lead to distortion of molecular symmetry and to the appearance of normally forbidden bands, and to shifts of band frequency. The attachment of inert gas molecules to hydroxylated silica surfaces ap:)ears to lead to shifts ofthe OH group frequency which can be correlated wüh the polariza bili ty of the inert gas.
Seconclly, there are studies of infra-red absorptions by gases, pure or mil(ed, at high pressures14. Selection rules are broken, forbidden bands appear with an intensity governed by the square of the gas density, and cmnbination and summation bands occur which reveal the existence of int~rmolecular complexes. Similar results are obtained with mixtures of supposedly inert liquids like carbon tetrachloride, carbon disulphide or benzerre and many ofthe data have been interpreted qualitatively, and even senli-quantitatively in terms of dispersion, dipolar and quadrupolar forces.
Thirdly, there is the effect ofsolvents on vibration bands. On passing from the vapour to solution, or from one solvent to another, the shift offrequency is ustlally f2.irly small, but the changes in intensity can be large. For example, in passing from the vapour phase to solution in carbon tetrachloride the C--H Stretching vibration band intensity in CHC1 3 and CHBr3 increases 20-and 50-fold respectively7, although the frequency shifts are small. The C=:N group band intensity in nitriles is affected considerably by sol'rents 1 5, although its frequency is hardly changed, and similar results have beeu found for the C=O group in different solvents 1 6. None of the relations so far suggested for the change of band intensity on passing from vapour phase to solution, in terms of the refractive index and dielectric cor,stant of the solvent, is satisfactory; and as data accumulate it becomes clear that both solute and solvent are important.
r~uch past work on frequency shifts has been discussed in terms of the Kirkwood-Bauer-Magat relation. Extensive tests of this relation17 show, however, that it is inadequate, even with non-polar solvents, and also when a nmnber ofvibrating groups are used as solutes which do not contain hydroger. and would, therefore, not be expected to form conventional hydrogen boHds. Extensions of the Kirkwood-Bauer-l\1agat relation by Pullin 18 and by Buckingham19 are also insufficient to interpret the observed changes of Jrequency, and some predictions about the relative shifts using isotopic species are not confirmed by measurements20. It is evident that these relationships do not take specific interactions into account.
Evidence for these interactions is accumulating, sometimes in circumstances when they would not be expected. In mixed solvents, for example, separate a.nd distinct absorption peaks can sometimes be observed, which indicate separate complexes between the solute and each solvent componeLt21. In other cases there is a gradual shift of a solute absorption band as the composition of the solvent mixture is gradually changed, but if the shift is small it is possible that separate bands overlap each other and are not resolved. While these multiple peaks are most strikingly shown by solutes such as the NH group in pyrrole or diphenylamine, where hydrogen bonding can arise, they have also been found with the C=O group in mixed solvents, and separate bands appear to arise with this group in mixtures of carbon tetrachloride and carbon tetrabromide20. It seems that dipolar character and polarizability of the interacting molecules must be used in explaining these results.
Next, the procedure suggested by Bellamy22 for plotting frequency shifts in different solvents brings out the point that interactions are all of essentially the same kind, and detailed differences arise from the nature and dipolar character of the solute vibrator. The relative frequency shifts of a given solute are plotted against the relative frequency shifts for another solute in the same solvents. Straight lines are obtained for different solutes, their slopes varying in a regular way according to the particular dipole X-H, C=O, C=N, S=O, N=O, etc.
In some cases, the complexes can be examined further by correlating the frequency shifts with measures of the charge density at the point of attachment23. Fora vibrating group x-:g in solvents RCl, the frequency is found to shift roughly linearly with the inductometric factor a* of the group R; and the shift of the C=O group frequency in solvents RH is similarly related to a* of the group R. The results with HCN as a solute in aromatic solvents give evidence for the formation of1t complexes through the electron cloud of the aromatic ring.
In order to allow for such interactions, a fourth term was introduced into Buckingham's equation for the relative frequency shift, and using the results for a large number of solvents an estimate was made ofthe relative importance ofthe reaction field in the dielectric and the specific interactions. The results suggested that with X-H type solutes, interactions are dominant, but that with C=O and similar solutes the dielectric field effects may be relatively more important. These conclusions correspond to those reached for similar systems by Pullin, Drickamer24 and Schuller25 and their collaborators, but the argument is still a little uncertain.
More recently, attempts have been made to examine the nature of the intermolecular forces more quantitatively by measuring the vibration frequency shifts of some very simple polar and non-polar solutes such as carbon dioxide, carbon disulphide, carbon oxysulphide, nitrous oxide and allene in a range of solvents, non-polar and polar. Using the known dielectric constants, dipole moments and polarizabilities of the solvent, and polar properties of the solute, estimates of the interaction energies for dis• persion forces, dipole-dipole and dipole-induced dipole forces, have been made and related to the frequency shifts. With C02 as solute, it is found that the frequency shifts of the anti-symmetric stretching mode in non-polar solvents are directly related to the estimated dispersion forces, and when polar solvents are used, deviations occur20. This kind of approach involves a number of assumptions. For example, the solvent affects both the levels between which the vibrational transition occurs, and the observed frequency shift is really the difference of two differences. However, the correlations found suggest that by a careful selection of such simple solutes it may bt. possible tosortout the different forces which are operating.
Similar considerations have been used by Drickamer and his colleagues in studying the frequency shifts of vibrating dipoles in solvents subject to high pressure24, and by Schuller, Galatry and Vodar for hydrogen chloride in organic solvents2ö, Linevsky26 has also correlated the vibration frequency shifts of LiF in inert gas and nitrogen solid matrices with the calculated dispersion, induction and quadrupole-dipole interaction energies. One feature which appears to emerge from these studies is the considerable importance of dispersion forces.
The same sort of approach has been used in connexion with the shift of vibration frequencies of small ions in solid alkali halide matrices, and of ligands in complex ions. I would refer however, to one other type ofmeasurement, namely the pressure broadening of spectral lines. Spectral line widths are affected by the forces involved during molecular collisions, and the effective optical collision diameters derived from the measured line widths can be related to these forces. Earlier measurements were made on the broadening of pure rotation lines by added gases, using the techniques of microwave spectroscopy. Recently28, we have measured the broadening of rotational lines in vibration-rotation bands of some simple molecules such as CO, HCI, DCl, NO, both self broadened and also broadened by a wide variety of added gases differing in structural type and polar characteristics. With CO, for example, we have estimated the interaction energy as a sum of dispersion, dipolar and induced dipolar terms, and determined the optical collison diameters for the different broadening gases. In this case, a roughly regular trend exists between the optical collision diameter and the total interaction energy, in which dispersion forces predominate. Deviations occur with highly polar broadeners and in other cases, probably because preterred orientations of dipoles should be taken into account and for other reasons. With deuterium chloride lines broadened by different added gases, the deviations with polar broadeners are marked.
In such simple cases there may be some hope ofusing the line width data to sort out the different kinds of intermolecular forces. On the other hand there is a remarkable variation of line width with the rotational quantum number J, across the vibrational band, and this variation assumes different forms for the self broadening of a polar molecule like DCl, on the one hand, and a less polar molecule like CO on the other, as well as for different kinds of added inert gas. Resonant collisions may play some part, but the results cannot yet be fully explained.
Finally, I must mention the results on Raman band intensities in different solvents, and their possible significance in connexion with intermolecular forces29, When measuring the Raman bands of many organic liquids or solids it is necessary to use solutions in organic solvents, and to refer the measured intensities to that of a standard band of carbon tetrachloride. Several corrections have to be applied for the light Iosses caused by the geometric and optical arrangement, among which the refractive index of the sample is important. However, after applying these corrections, it is found that the Raman band intensity of groups such as C=C, C=N, inorganic solvents, or characteristic vibrations of simple liquids, appear to vary with the refractive index of the liquid mixture being measured. It is possible that such an effect could arise because of interactions between the absorbing solute and solvent, and be a function of the refractive index. However, it is not yet certain that in measuring the intensities, the proper corrections for light Iosses are being applied. It would of course be possible that solute-solvent interactions could shift the electronic Ievels of the solute in such a way as to alter the apparent Raman band intensity by virtue of a change in the resonance Rarnarr effect, but this seem unlikely.
This survey is perhaps sufficient to illustrate what seem to me to be some ofthe main trends in this field. What further developments may come from the use of Iasers in Rarnarr or infra-red work, or of high resolution interferometric devices, or even of computers, it is impossible yet to say.
